Abstract BACKGROUND: Irinotecan (IRI) is an integral part of colorectal cancer (CRC) therapy, but response rates are unsatisfactory and resistance mechanisms are still insufficiently understood. As fibroblast growth factor receptor 3 (FGFR3) mediates essential survival signals in CRC, it is a candidate gene for causing intrinsic resistance to IRI. METHODS: We have used cell line models overexpressing FGFR3 to study the receptor's impact on IRI response. For pathway blockade, a dominant-negative receptor mutant and a small molecule kinase inhibitor were employed. RESULTS: IRI exposure induced expression of FGFR3 as well as its ligands FGF8 and FGF18 both in cell cultures and in xenograft tumors. As overexpression of FGFR3 mitigated IRI-induced apoptosis in CRC cell models, this suggests that the drug itself activated a survival response. On the cellular level, the antiapoptotic protein bcl-xl was upregulated and caspase 3 activation was inhibited. Targeting FGFR3 signaling using a dominant-negative receptor mutant sensitized cells for IRI. In addition, the FGFR inhibitor PD173074 acted synergistically with the chemotherapeutic drug and significantly enhanced IRI-induced caspase 3 activity in vitro. In vivo, PD173074 strongly inhibited growth of IRI-treated tumors. CONCLUSION: Together, our results indicate that targeting FGFR3 can be a promising strategy to enhance IRI response in CRC patients.
Introduction
Irinotecan (IRI) is a topoisomerase inhibitor causing DNA damage and apoptosis [1] . It is used as a standard chemotherapy drug for colorectal cancer (CRC) usually in combination with 5-fluorouracil and leucovorin. However, with only 56%, response rates are unsatisfactory [2] . Mechanisms of resistance have been intensely studied, mainly focusing on pharmacokinetic parameters. Drug metabolism and uptake, carboxylesterases, and ATP-dependent drug efflux pumps have been shown to impact on individual drug response (reviewed in [3] ). Much less is known about the role of DNA-damage response and survival signaling in IRI resistance [3, 4] .
Fibroblast growth factor (FGF) signaling plays a central role in the protection of tissues against toxic damage [5] . As it is dysregulated in many tumor types [6, 7] , it may well be a major contributor to the mitigation of drug response. In CRC, FGF18 is upregulated in a wnt-dependent manner [8, 9] and mediates tumor cell survival via the FGF receptor FGFR3-IIIc [10, 11] . FGFR3 plays a role in developing intestinal mucosa, mediating growth and morphogenesis signals induced by FGF9 and FGF18 [12] . In colonic adenomas, both FGF18 and FGFR3-IIIc are upregulated in the CD44-positive stem-like cell fraction, where they act as strong mediators of cell growth and survival [13] . Finally, whereas FGFR3 is downregulated in CRC, its IIIc splice variant is retained or even upregulated in advanced tumors [10] . Blockade of FGFR3-IIIc has been shown to inhibit colony formation, induce apoptosis in CRC cell lines, and block tumor growth in vivo [10] .
Based on the FGFR3-mediated survival activity in CRC cells, the receptor has the capacity of interfering with therapy response. Therefore, the present paper investigates the role of FGFR3 overexpression in CRC response to IRI by using receptor overexpressing cell line models and FGFR3 pathway blockade to investigate options of combination therapy.
Methods and Materials
Cell Culture SW480, SW620, HCT116, and DLD-1 cells were maintained in minimal essential medium containing 10% fetal calf serum (GE Healthcare) and passaged twice a week at 80% to 90% confluence. Caco-2 cells were maintained in minimal essential medium with 20% fetal calf serum and passaged once a week. All cell lines were obtained from the ATCC and authenticated by Eurofins Genomics (Vienna, Austria).
Overexpression of FGFR3
pcDNA constructs designed for overexpression of FGFR3-IIIb and FGFR3-IIIc were a generous gift from D. J. Donoghue. Allele-specific FGFR4 constructs FGFR4 arg and FGFR4 gly of the polymorphism G388R were kindly provided by A. Ullrich. Transfected SW480 cell lines overexpressing FGFR3 splice variants (FGFR3b hi or FGFR3c hi ) and FGFR4 polymorphic variants (FGFR4 arg or FGFR4 gly ) were available from previous studies [10, 14] . SW620 cells overexpressing FGFR3 were generated as described previously [10] .
Compounds
Oxaliplatin and IRI were from Fresenius Kabi (Graz, Austria). SN-38 was kindly provided by R. Mader (General Hospital Vienna, Austria). PD173074 was obtained from Sigma (P2499, St. Louis, MO).
Pathway Blockade
For specific inhibition of FGFR3 signaling, cells were transduced with 10 multiplicities of infection of an adenoviral vector expressing a kinase-dead mutant FGFR3-IIIc (adKD3) [9] or the control virus (adCo). Virus was added to the cultures 4 hours after exposure to IRI, and cell viability was assessed after a total incubation time of 72 hours.
Cell Growth Assay
Cells were seeded in 96-well-plates with 5 × 10 3 /well for testing individual compounds or 2 × 10 3 /well for combination experiments. They were treated with different drug concentrations for 72 hours. Cultures were fixed with 10% TCA for 1 hour and then stained with sulforhodamine B (SRB, Sigma) for 15 minutes and washed with 1% acetic acid. The stain was dissolved with 10 mM TRIS base (unbuffered, pH = 10), and absorption was measured with a plate reader (Tecan infinite m200, Männedorf, Switzerland) at 570 nm.
IC 50 values were calculated using the nonlinear regression model in GraphPad Prism software. Combination treatments were analyzed by calculation of combination indices using CompuSyn software. Additive area was selected as 0.9 to 1.1 and above/below for antagonism/synergy, respectively [15, 16] .
Cell Cycle Distribution
Cells were seeded in 6-cm dishes and exposed to the test compounds. Nuclei were isolated and stained with PI as described before [17, 18] . Samples were measured with FACSCalibur (BD).
Determination of Apoptosis
Cells undergoing apoptosis were quantified by FACS analysis after staining with the mitochondrial tracking dye JC-1 that detects loss of mitochondrial membrane potential (Sigma). Assessment of caspase-3 activity was performed according to the protocol of Werner et al. [19] . Shortly, protein was isolated from cells by homogenization in lysate buffer, and enzyme activity was measured by incubation with the specific fluorescent caspase substrate (sc-311,274, Santa Cruz Biotech) for 90 minutes. Substrate diluted in lysis buffer served as a negative control. Fluorescence was measured with a TECAN Infinite M200 plate reader.
Quantification of Gene Expression
RNA was isolated from 70% to 80% confluent plates, and 2.5 μg RNA was used for cDNA synthesis. TaqMan probes (Life Technologies, Carlsbad, CA) were used to detect FGFR1; R2; R3-IIIb; R3-IIIc; R4; and FGF8, 9, 18 (Supplementary Table 1 ). Average Ct values were normalized to GAPDH, and fold gene expression to untreated was plotted using the 2 −ΔΔCt method [9] .
Western Blot
Cells were homogenized in lysis buffer [14] using liquid nitrogen after treatment. Twenty micrograms of protein was used for Western blotting on PVDF membranes (GE Healthcare). Antibodies used were phospho H2AX [Ser138, #2577, Cell Signaling Technology (CST), Danvers, MA], bcl-xl (sc-8392, Santa Cruz Biotech), cyclin-D1 (#2926, CST), cyclin b1 (#4138, CST), phospho-cdk1 (Y15, #9111, CST), FGFR3 (#4574, CST), and beta-actin (A5441, Sigma-Aldrich).
Animals
Severe combined immunodeficient CB-17 scid/scid mice (male, age 8 to 10 weeks; Harlan Laboratories, San Pietro al Natisone, Italy). The animals were kept in a pathogen-free environment, and every procedure was done in a laminar airflow cabinet. 
Experimental Combination Therapy In Vivo
For treatment experiments, mice were inoculated with 10 6 HCT116 cells in 50 μl of serum-free medium subcutaneously into the right flank. When the tumors were palpable, therapy was initiated: 4 mg/kg IRI (dissolved in 50 μl of 5% dextrose) was injected i.p. twice a week in week 1 and 3 (days 13, 16, 27, and 30), and 20 mg/kg PD173074 in the same solvent was given i.p. four times in week 2 (days [21] [22] [23] [24] . Animals in the control group received solvent only. Animals were controlled for distress development every day, and tumor size was assessed regularly by caliper measurements. Tumor volume was calculated using the following formula: (length × width 2 )/2. The experiment was terminated at the end of week 3, and tumors were isolated and snap frozen for RNA and protein isolation.
Statistics
Statistical analysis was performed using Student's t test, analysis of variance (ANOVA), or two-way ANOVA as appropriate, and significance was designated as * for P b .05, ** for P b .01, *** for P b .001, and **** for P b .0001. Error bars depict ±SD for n ≥ 3.
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Results

FGFR3-Induced Resistance to IRI
Caco2 and HCT116 cells were used as CRC models expressing high levels of FGFR3-IIIc, whereas SW480 and SW620 CRC cell lines expressed low levels of the receptor [10] . They were exposed to IRI, and IC 50 concentrations were calculated. In addition, the expression of FGFR3-IIIb and FGFR3-IIIc was determined ( Figure 1A ; Supplementary Table 1 ). Sensitivity to IRI was 1.3 μM for SW620 and around 10 μM for SW480 and HCT116 cells. Caco-2 cells were the least Figure 1 . IRI dose response curve for standard cell lines. (A) Cells were exposed to IRI for 72 hours, and viability was determined by SRB assay. The values represent the pooled data from three independent experiments (mean ± SD). The IC50 values and 95% CI given in the main text were calculated from these viability data using a nonlinear regression model in GraphPad Prism. (B) RNA was isolated from semiconfluent cultures, and the baseline expression of the FGFR3 splice variants IIIb and IIIc was determined by qRT-PCR. The results confirm published data [10] . (C) The correlation between FGFR3-IIIc mRNA levels and IC50 towards IRI was calculated using GraphPad Prism software. Figure 2 . IRI-induced expression of FGFs and FGFRs (A, B) SW480 cells were exposed to 10 μM IRI, and RNA was isolated after the indicated intervals. RNA levels of the FGFRs 1, 2,3b, 3c, and 4 (A) and of the FGFs 8, 9 and 18 (B) were determined by qRT-PCR using Taqman assays [10] . Expression levels are given relative to the housekeeping gene GAPDH. (C) Cultures were exposed to IC 50 concentrations of IRI for 24 hours before isolation of RNA. Expression of FGFR3 splice variants was analyzed by qRT-PCR as described above. Expression of the IRI-treated cultures is presented as fold increase above control level.
sensitive cell line with an IC 50 of 25 μM. FGFR3 expression was moderate to low in the cancer cell lines except for Caco2, which expressed the highest levels of both receptor isoforms. The lowest expression for FGFR3-IIIb was observed in SW480, and the lowest level of FGFR3-IIIc was seen in SW620 ( Figure 1B , Supplementary Table 1 ). Although expression of FGFR3-IIIb was not related to IRI sensitivity, a rough, however not significant, correlation was found with the level of FGFR3-IIIc ( Figure 1C) .
To determine the response of the FGFR signaling axis to IRI, we exposed SW480 cultures to 10 μM IRI and isolated RNA after 6 to 72 hours. Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was used to determine expression of the FGFs 8, 9, and 18 as well as FGFRs 1, 2, 3b, 3c, and 4. We observed strong upregulation of both isoforms of FGFR3 in the IRI-treated groups, which reached 10-fold induction after 48 hours (Figure 2A ). Other FGFRs were only little affected. In addition, the FGFR3 ligand FGF8 was similarly induced, whereas FGF18 that is highly expressed from the start [10] was not further enhanced ( Figure 2B ). To determine whether other cell lines upregulated the FGFR3 axis in a similar manner, cultures were exposed to IC 50 concentrations of IRI, and FGFR3 expression was analyzed 72 hours later. Significantly increased mRNA levels of at least one splice variant were found in all cell lines of our panel ( Figure 2C ).
Given these results, we wondered whether FGFR3 overexpression would lead to a change in IRI sensitivity. SW480-FGFR3 hi CRC cells (Supplementary Figure 1, A and B [10]) were exposed to IRI, and IC 50 concentrations were calculated. We detected a significant shift to the right in the dose-response curves of SW480-FGFR3 hi cells when compared with control cells (Figure 3A ; P b .001 by two-way ANOVA), and IC 50 concentrations increased from 11.3 μM [95% confidence interval (CI) = 9.8-12.5] in control cells to 37.2 μM (95% CI = 31.8-42.5) in FGFR3-IIIb hi cells and 36.2 μM (95% CI = 31.5-40.6) in FGFR3-IIIc hi cells. As IRI is metabolically activated in the patients' liver forming SN-38 [1] , dose-response to SN-38 was also assessed, and the difference of sensitivity between FGFR3 hi cells and control was between 2.5-and 3-fold: 6.0 nM (95% CI = 5.5-6.7) for FGFR3-IIIb and 4.9 nM (95% CI = 3.2-7.6) for FGFR3-IIIc as compared with 2 nM (95% CI = 1.7-2.4) for control cells ( Figure 3B ; P b .001). SW620-FGFR3-IIIc hi (Supplementary Figure 1 , C-E) also displayed a significantly decreased response to IRI. The IC 50 concentration was 1.5 μM (95% CI = 1.4-1.6) in FGFR3-IIIc transfectants as compared with 1.14 μM (95% CI = 1.08-1.20) in control cells ( Figure 3C , P b .01).
Targeting FGFR Signaling to Increase IRI Response
The highly FGFR3 expressing cell lines Caco-2 and SW480-FGFR3 hi were used to study the impact of FGFR3 blockade on IRI response. For hi (E) clone pools as well as Caco2 cultures (F) were exposed to increasing concentrations of IRI. Four hours later, they were transduced with an adenoviral vector expressing the dominant-negative FGFR3 mutant KD3 (AdKD3) or a control virus (AdCo). After a total incubation time of 72 hours, viability was determined and dose-response curves were constructed. 
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genetic blockade, we used the kinase-dead FGFR3-IIIc specific adenoviral construct adKD3 [10] that was applied 4 hours after IRI addition to prevent activity of the IRI-induced FGFR3. After 72 hours of incubation, cell viability was assessed and dose-response curves were constructed. An increase in IRI sensitivity was observed even in the SW480 control cells, and IC 50 concentrations decreased from 6.8 μM (95% CI = 5.9-7.9) in the adCo group to 4.7 μM (95% CI = 4.2-5.3) in the adKD3 group ( Figure 3D ). With P = .051, the difference just missed statistical significance. In SW480 FGFR3c hi cells, a partial reversal of the FGFR impact on IRI response was seen, and IC 50 was 15.3 μM (95% CI = 14.1-16.5) in the adKD3 infected cultures as compared with 19.5 μM (95% CI = 17.6-21.5; P = .015) in the control group ( Figure 3E ). An even greater impact was observed for Caco-2 cells, which express high endogenous FGFR3 levels: IC 50 values decreased from 45.5 μM (95% CI = 39.1-53.0) to 25.7 μM (95% CI = 21.9-30.2; P b .01) ( Figure 3F ).
For pharmacological blockade of the FGFR3 impact, the small molecule FGFR inhibitor PD173074 was used together with IRI. PD173074 exposure induced cell loss in all cell lines tested, and IC 50 concentrations are given in Supplementary Table 2. To determine the combined impact of both drugs, SW480-FGFR3 hi , SW480 control cells, SW620 transfectants, HCT116, and Caco2 cells were exposed to the single drugs as well as all possible combinations of both. Cell viability was measured after 72 hours, and dose-response curves were constructed (Supplementary Figure 3) .
All viability results were analyzed by using Compusyn software to calculate combination indices. Synergistic effects at low concentrations of IRI and PD173074 were observed in all cell lines (Table 1) .
FGFR3 Expression Inhibits IRI-Induced Apoptosis
To characterize the cells' response to IRI, cultures were exposed to 20 μM IRI for 72 hours. Then cell cycle was analyzed, and protein lysates were produced to investigate DNA damage, cell cycle markers, and apoptosis induction. IRI treatment led to a strong cell cycle block in the G2/M phase, whereas G1 cells were essentially absent from the population (Figure 4, A and B) . In addition, a large fraction of nuclei were registered in the sub-G1 or debris fraction, indicating massive cell death. Analysis of apoptosis using JC-1 to measure mitochondrial membrane potential demonstrated strong induction of apoptosis in SW480 cells exposed to IRI as described above. This response was significantly weaker in SW480 FGFR3 hi cells than in control transfectants ( Figure 4C ).
In the cell lysates, upregulation of phospho-H2AX, a prominent DNA damage marker [20, 21] was observed. Cyclin B and phosphorylated cdk1 were increased in IRI-exposed cells, whereas cyclin D was reduced, confirming the cell cycle arrest in G2 ( Figure 3D ). Both damage and cell cycle arrest were similar in SW480 control as well as SW480-FGFR3 hi cells, indicating that they were independent of FGFR3.
Analysis of antiapoptotic bcl-xl revealed that baseline bcl-xl protein expression was significantly upregulated in FGFR3-overexpressing cells. Whereas IRI induced a loss of bcl-xl protein in all exposed cultures, the levels remained higher in the SW480-FGFR3
hi cells as compared with controls ( Figure 4D ; bottom panel). IRI-induced caspase-3 activity measured after exposure to synergistic concentrations of IRI and PD173074 (Table 1) analyzed after single and combined treatment with the inhibitor PD173074 and was significantly elevated by addition of the FGFR inhibitor as compared with single treatment with IRI not only in SW480 transfectants ( Figure 5, A and B) but also Caco-2 cells ( Figure 5C ) and even parental SW620 cells in spite of their low FGFR3 expression level ( Figure 5D ).
Impact on Tumor Growth In Vivo
HCT116 cells were chosen to assess the efficacy of combined IRI/ PD173074 treatment on tumor growth in vivo because they express high levels of FGFR3 and induce rapid tumor growth when injected subcutaneously. Cells were injected into the rear flanks of SCID mice, and treatment was started when the tumors became palpable. IRI and PD were applied sequentially: IRI on days 13 and 16 in week 1 and on days 27 and 30 in week 3; PD on days 21 to 24 in week 2. IRI alone had little impact on tumor growth, and PD alone reduced tumor size after 7 days. In the combination treatment group, PD effectively prevented further tumor growth from the start of PD treatment ( Figure 6A ; combination treatment different from IRI group at P = .0005 by two-way ANOVA).
Mice were sacrificed at the end of week 3 after the second series of IRI. Tumor tissue was shock frozen, and expression of FGFR3, FGF8, and FGF18 was determined by qRT-PCR. IRI-treated tumors expressed higher levels of all three genes as compared with control tumors (Figure 6B ), indicating that upregulation of FGFR3 survival signaling also happens in vivo.
Discussion
Irinotecan is a topoisomerase-1 inhibitor that is used in the therapy of advanced CRC mainly in combination with 5-FU (FOLFIRI), and about 60% of the patients respond to the treatment [2] . Mechanisms of resistance have been widely studied mainly focusing on pharmacokinetic parameters -drug metabolism, uptake, and efflux pumps (reviewed in [3] ). The drug needs to be activated by carboxylesterases whose expression and polymorphic alleles have impact on the effectivity of IRI [22] . Moreover, IRI is the substrate of several drug efflux pumps -specifically ABCG2 [1] , ABCB1 and ABCC2 [23] . Our data now show that FGFR-dependent survival signaling may also impede IRI response. Specifically, we demonstrate Figure 5 . IRI-induced caspase activity. Cells were exposed to synergistic concentrations of IRI, PD173074, or both compounds for 72 hours before being lysed for determination of caspase 3 activity. Activity was calculated relative to the untreated control, and bars represent the mean ± SD of three independent experiments. Differences were analyzed by Student's t test with Welch correction. (A) SW480 control, (B) SW480 FGFR3-IIIc, (C) Caco-2, and (D) SW620 control.
that IRI upregulates FGFR3-IIIc expression, which inhibits IRI-induced apoptosis, by inducing the antiapoptotic gene bcl-xl.
Even though FGFR3 is not highly expressed in CRC, the splice variant FGFR3-IIIc mediates FGF18-dependent survival signaling in colorectal tumors from the adenoma stage [10, 13] . FGFR3-IIIc is upregulated in advanced CRC, and pathway blockade induced apoptosis [10] . Results of this study show that both endogenous expression and enforced expression of the receptor are related to low sensitivity of cells toward IRI. The IC 50 concentrations are shifted by a factor of about 4 for IRI and 3 for SN38 (Figure 3 ). This cannot be explained by increased cell growth in the overexpressing cultures because the impact on proliferation is moderate for FGFR3-IIIc [10] (Supplementary Figure 1) and absent for FGFR3-IIIb [10] . In addition, a dominant-negative receptor mutant (KD3) increased sensitivity to IRI, and inhibition of the receptor kinase by PD173074 had a synergistic effect together with low concentrations of IRI.
FGFR3 is not the only tyrosine kinase receptor (TKR) that can interfere with the response to chemotherapy drugs as TRK downstream signaling impacts on DNA damage response [24] . Also inhibition of several TKRs has been shown to induce apoptosis [25] . Consequently, blocking antibodies targeting EGFR enhance chemotherapy response unless activating mutations in the downstream pathways (e.g., in Ki-ras) prevent pathway blockade [26, 27] . Also, small molecule inhibitors of c-met are capable of reversing resistance to IRI [28] or cisplatin [29] . Among FGFRs, the FGFR2 gene was upregulated in drug-resistant gastric cancer cell clones [30] .
FGFR3 differs from these other TKRs as its expression is actually induced by exposure to the drug. This indicates that IRI-induced resistance not only acts through a long-term selection process enriching for surviving resistant clones but also in a short-term survival response that can be observed as early as 6 hours after exposure (Figure 2, A and B) . This can explain why synergism between the FGFR inhibitor PD173074 and IRI was seen not only in FGFR3
hi cells but in all cell models -even in SW620 cells that showed the lowest FGFR3-IIIc expression in our cell line panel. As PD173074 targets other FGFRs as well as FGFR3, we cannot exclude that these FGFRs also counteract IRI response. However, two observations argue against this possibility: 1) other FGFRs are not upregulated by exposure to the drug, and 2) FGF18, which is high in most colon cancer cells, and FGF8, which is induced by IRI, are mainly FGFR3 ligands [11] . Increased mRNA levels for FGFR3-IIIc as well as its ligands FGF8 and FGF18 were also found in xenograft tumors treated with IRI, indicating that the survival response also takes place in vivo. It may be the reason that IRI alone was not very effective against HCT116-xenograft tumors. Tumors in the IRI treatment group grew more slowly, but subsequent administration of PD173074 reduced tumor growth to almost zero. Consequently, tumors were too small to analyze efficiency of apoptosis in the tissue. In the in vitro models, however, the impact on apoptosis induction could be clearly demonstrated. Overexpression of FGFR3 induced expression of the antiapoptotic protein bcl-xl and strongly inhibited IRI-induced caspase 3 activation. Inhibition of the FGFR3-kinase by PD173074 reversed this effect, permitting efficient induction of apoptosis. These results are well in line with our earlier reports that FGFR3 pathway blockade by KD3 alone induced apoptosis in both CRC cells in vitro and in CRC xenograft tumors [10] . FGFR3 also mediates survival in a stem-like subpopulation of cells from the early adenoma stage onward [13] . This small subpopulation should be selectively protected against IRI therapy.
Correlation of FGFR3 levels with IRI response in human CRC tissue could not be shown either from our own expression analysis or from published data sets. This is probably due to the generally low expression of the receptor in CRC tissue and to the small number of reports on IRI therapy that include gene expression data. FGFR3 expression has little promise as a predictive marker in this context. Based on the IRI-dependent induction of FGFR3 gene expression and the strong synergy seen between IRI and FGFR3 inhibition, the receptor is a promising target for combination therapy. 
